foundation for future studies to explore water immersion as an alternative to exercise to induce an acute cytokine response in CSCI.
Introduction
Core temperature rises when performing exercise exceeding a minimal duration and intensity, and a number of immune parameters increase following exercise. These include leukocyte and lymphocyte subset numbers, in addition to cytokine secretion (Walsh and Whitham 2006) . Elevated core temperature is only one aspect contributing to exercise-related alterations in immune parameters; for example, adrenergic factors have also been shown to be independent influencers (Nagao et al. 2000; Starkie et al. 2001) . When artificially raising body temperature via heat exposure or hot water immersion, temperature effects can 1 3 be investigated in isolation, independently of muscle contraction. Such interventions also impact on immunity and increase immune cell counts and cytokine secretion (Laing et al. 2008 ). This has been attributed to heat shock factors (Welc and Clanton 2013) and the core temperature-related increases of stress hormones acting on adrenergic receptors on immune cells (Kappel et al. 1991) , even though these increases are more modest when at rest than during exercise.
A spinal cord injury increases the risk of infection; therefore, infections pose a common problem in this population (Cardenas et al. 2004 ). The dysfunctional sympathetic nervous system in cervical spinal cord injury (CSCI) reduces adrenergic responses and may, therefore, contribute to depressed immunity (Yamanaka et al. 2010) . Furthermore, the loss of muscle function following spinal cord injury may reduce the ability to perform sufficient amounts of exercise to induce positive changes in immune parameters and reduce the ability to cough, increasing the risk for infection. This is particularly relevant for those with a CSCI who experience more severe impairments and higher mortality rates (DeVivo et al. 1999) .
Individuals with a CSCI are also more likely to be in a state of chronic low grade inflammation. This condition, as evidenced by elevated circulating levels of pro-inflammatory markers at rest, has been linked to elevated risk of several chronic diseases, such as cardiovascular disease, some cancer types, and Type 2 Diabetes (Gleeson et al. 2011) . In able-bodied populations, exercise acutely elevates proinflammatory cytokines, but this is rapidly followed by an increase in circulating concentrations of anti-inflammatory cytokines. It has been suggested that with repeated moderate-vigorous exercise, the recurrent and longer lasting antiinflammatory response reduces levels of pro-inflammatory cytokines, such as interleukin-6 (IL-6), at rest (Gleeson et al. 2011) . The cytokine response-in the specific case of IL-6-is governed by muscle contraction-dependent and sympathetic nervous system-mediated signalling pathways (Welc and Clanton 2013) . This may explain the blunted cytokine response to acute exercise in CSCI, given their reduced muscle mass and sympathetic dysfunction (Kouda et al. 2012; Paulson et al. 2013) . In turn, this may contribute to higher concentrations of pro-inflammatory markers found in CSCI at rest (Davies et al. 2007; Kouda et al. 2012; Segal et al. 1997) .
Even though increases in immune markers in the CSCI population have been observed in rehabilitation (Kliesch et al. 1996) and exercise studies (Banno et al. 2012) , the potential acute immune stimulating effects of hot water immersion have yet to be investigated. Passive increases in temperature can induce a cytokine response independently of sympathetic activation as shown in myotube experiments where muscle metabolism can be studied without the influence of neural activity (Welc et al. 2012 ). Therefore, temperature elevations may help to induce a cytokine response in CSCI with sympathetic dysfunction. As this population has restricted ability to perform and limited access to exercise, any intervention that may support or improve immune function and the resting cytokine profile would be of great practical relevance. Therefore, the aim of this study was to measure the effects of 60-min hot water immersion on the acute cytokine and leukocyte response in CSCI. We hypothesise that a temperature-related cytokine response and concomitant increase in leukocyte numbers will be observed in CSCI despite sympathetic dysfunction.
Materials and methods

Ethical approval
This study was approved by the local Ethics committee (The Human Investigation Committee, Wakayama Medical University, Japan). Informed consent was obtained in writing from all individual participants included in the study.
Participants
Eight complete data sets of male participants with a motor complete CSCI and 10 complete data sets of able-bodied (AB) male control participants were collected in this study. One CSCI (indication of autonomic dysreflexia) and 2 AB participants (elevated resting adrenaline levels of over 100 pg/mL) were excluded from further analysis, leaving a total number of 7 CSCI and 8 AB participants. A summary of their characteristics is presented in Table 1 .
Experimental design
Data were collected at two different laboratories with 3 CSCI and 3 AB participants tested at one location, the remaining participants at the other location; if equipment differed at the locations, the details of both equipment types are hence given. Upon arrival, participants were given a standardised meal consisting of white bread and water ad libitum; they were not allowed any caffeine on the day of the experiment. They provided written informed consent and completed separate health and disability questionnaires and were then weighed to the nearest 0.1 kg (scale: seca 657, Seca, Hamburg, Germany; PWC-620, Tanita, Tokyo, Japan). After changing into shorts, they were transferred into the experimental seat, and a blood pressure monitor (UA787, A&D, Abindon, UK) and an electrocardiography system (DS7100, Fukuda Denshi, Redmond, USA; BSM-2401, Nihon Kohden, Tokyo, Japan) were fitted to record heart rate and blood pressure. Further, an oesophageal thermometer (LT6A, Gram Corporation, Saitama, Japan) and an indwelling venous catheter into a superficial forearm vein were fitted. Great care was taken to monitor and avoid signs of autonomic dysreflexia in CSCI, by monitoring blood pressure, fitting a catheter to void the bladder during the experiment when required, and monitoring subjective wellbeing scores of CSCI participants.
Following a 30 min rest, oesophageal temperature was noted and participants were lifted into the water and immersed to the neck (sternoclavicular notch) for 60 min. The time of day at immersion was 11:45-15:45 for all participants. Water temperature was set at a level 2.0 °C above the individuals' resting oesophageal temperature and measured continuously at the top and bottom of the tank, using the same thermometer as for oesophageal temperature measurements. In the post-immersion period, participants sat at room temperature (26.6 ± 0.6 °C) and were allowed to do non-strenuous tasks such as reading or watching television. Drinking water pre-heated to the temperature of the water in the immersion tank was given ad libitum. Sweat loss between pre and 1 h post-immersion was determined by calculating the difference between body mass gain/loss, water intake and excreted urine volume.
Data collection
Blood samples were collected into K 3 EDTA containers and serum separator tubes after removing the first fraction at rest, 30 and 60 min during immersion, and 1, 2, 3, and 4 h post-immersion.
Analytical methods
Plasma concentrations of a range of parameters were determined using enzyme-linked immunosorbent assay (ELISA) kits (IL-6, IL-1ra, IL-8, tumour necrosis factor α (TNF-α), soluble intercellular adhesion molecule 1 (sICAM-1), soluble L-selectin (sL-selectin): R&D systems) according to the manufacturers' instructions using a microplate reader (SH9000Lab, Corona Electric Co Ltd., Hitachinaka, Japan). All samples from the same participant were analysed on the same microplate. The coefficient of variation (CV) of duplicate samples analysis was 6.2 ± 5.1 % (IL-6), 4.8 ± 5.2 % (IL-1ra), 4.3 ± 3.7 % (IL-8), 8.2 ± 6.6 % (TNF-α), 3.0 ± 2.8 % (sICAM-1), and 2.9 ± 2.4 % (sLselectin). The following parameters were measured by a specialised company (SRL, Tokyo, Japan), with CVs (given in brackets) computed by analysis of standards: Cortisol (7.6 %) by electrochemiluminescence; adrenaline (7.0 %) and noradrenaline (8.8 %) by high-performance liquid chromatography, and blood osmolality (0.3 %) by the cryoscopic method. Blood counts were performed with a cell counter (SYSMEX XE-5000 and XT-1800i, Kobe, Japan).
Data processing and statistical analyses
Concentration of all plasma parameters were corrected for changes in plasma volume from rest, blood cell counts for changes in blood volume from rest, according to the methods by Dill and Costill (1974) . The SPSS 21.0 statistical package (SPSS Inc., Chicago IL, USA) was used for all statistical analyses. Normality was checked with the Shapiro-Wilk test, homogeneity with Levene's statistic. Means and standard deviations were computed for normally distributed variables, medians and quartiles for all other variables. Data violating normality and homogeneity assumptions were converted using logarithmic and inverse transformations. Two-way (group by time) repeated measures analyses of variance (ANOVA) with post hoc Sidak tests applied or Wilcoxon signed ranks test for data violating normality and/or homogeneity assumptions were performed for data analysis of the immersion trial. Independent samples student's t tests for parametric data, or Mann-Whitney U tests for non-parametric data were performed for group comparisons of single parameters. Statistical significance was accepted at P < 0.05.
Results
Hot water immersion resulted in an IL-6 plasma concentration mean increase of 133 ± 144 % in both groups (effect of time, P = 0.001). On a group level, IL-6 plasma Sporting activity (h/week) 0.4 ± 1.1 0.5 ± 0.9 Spinal cord injury details C5-C8: ASIA A (N = 6) and B (N = 1) Not applicable
Time since injury (years) 9 ± 7 Not applicable concentrations were 68 ± 38 % higher in CSCI (effect of group, P = 0.06). The mean increase of IL-8 plasma concentrations was 14 ± 11 % in both groups (effect of time, P = 0.02), with no difference between groups (P = 0.23). Likewise, the mean increase of IL-1ra plasma concentration was 18 ± 17 % in both groups (effect of time, P = 0.05), with no difference between groups (P = 0.23, Fig. 1 ). In both groups, the plasma concentration of the adhesion molecule sL-selectin decreased by 4 % (effect of time, P = 0.03), whereas no change was observed in ICAM-1 (effect of time, P = 0.46, Table 2 ). No group differences and no elevations following immersion were found for TNF-α (Table 2) . Plasma concentrations of both adrenaline and noradrenaline were significantly reduced in CSCI (effect of group, P < 0.05), with no group difference in plasma cortisol concentration (P = 0.76, Fig. 2 ). However, group × time interactions in both noradrenaline (P = 0.01) and cortisol (P = 0.006) indicated a different temporal development of these parameters in the groups. The intervention further resulted in an increase in numbers of leukocytes, particularly in neutrophils, lymphocytes and monocytes ( Fig. 3 ; Table 2 ).
Heart rate during immersion increased significantly in both groups (effect of time, P < 0.001); however, a group × time interaction (P < 0.001) indicated a larger increase for AB (Table 3) . Additionally, group effects for systolic, diastolic and pulse pressures were found during immersion (P < 0.05), a group × time interaction (P < 0.001) in diastolic blood pressure indicating an increase in CSCI and a decrease in AB during immersion.
During immersion, core temperature increased at the same rate in both groups (Fig. 4) . Core temperature at rest (CSCI: 37.7 ± 0.45 °C, AB: 37.4 ± 0.27 °C, effect of group, P = 0.15) and the maximum core temperature elevation did not differ between groups (CSCI: +2.19 ± 0.38 °C, AB: +2.16 ± 0.32 °C, P = 0.66). Core temperature recovered more slowly in CSCI than in AB, with significant elevations until 90 min post-immersion (Fig. 4 , P < 0.05). Despite differences in sweat loss (CSCI: 0.43 ± 0.39 L; AB: 1.03 ± 0.47 L, effect of group, P = 0.04), blood osmolality and plasma volume showed a similar development over time in both groups ( Table 2 ). The water ingested during immersion (CSCI: 0.31 ± 0.28 L; AB: 0.31 ± 0.15 L) and the whole experiment including recovery (CSCI: 0.68 ± 0.43 L; AB: 0.66 ± 0.30 L) did not differ between groups (P > 0.05).
Discussion
Markers of inflammation
This is the first study to show an acute cytokine response induced by hot water immersion in CSCI. Our findings support the concept that hyperthermia can mount an acute cytokine response independently of sympathetic activation, as both noradrenaline and adrenaline remained at resting levels. Further, both the heart rate and pulse pressure were significantly reduced in CSCI, with a blunted increase in heart rate and no reduction in diastolic blood pressure during immersion in CSCI, all indicative of sympathetic dysfunction. Due to the reduced ability to sweat in CSCI (Bhambhani 2002; Gass et al. 2002) , core temperature following immersion remained elevated for longer when compared with AB. However, this did not result in a more pronounced cytokine response, implying that reaching a minimum elevation above resting core temperature is more important than the time spent above resting core temperature.
The elevations in circulating cytokines reported here are in line with animal experiments showing that hyperthermia can independently stimulate local production of IL-6, with fivefold increases in soleus muscle IL-6 mRNA in mice (Welc et al. 2012) . Heat shock factors contribute to the activation of IL-6 synthesis during hyperthermia: As cell temperature rises, protein denaturation results in an increased concentration of heat shock factors, inducing enhanced transcription of IL-6 protein (Welc and Clanton 2013) . Increases in IL-6 mRNA exhibit a dose-response relationship: temperatures of 40.5 °C do not increase mouse myotube IL-6 mRNA, whereas temperatures of 41 °C induce 2.5-fold elevations (Welc et al. 2012) . Human experiments also suggest that elevations in leukocyte and leukocyte subset numbers are more pronounced in interventions that lead to higher core temperature elevations (Walsh and Whitham 2006) . It, therefore, seems that the immersion protocol used in the present study elevated core (and muscle) temperature over the critical threshold to mount an adequate response. Future research using interventions at a range of immersion temperatures may elucidate the minimum "critical" temperature elevation needed to induce a cytokine response.
The increases in IL-6 and IL-1ra in CSCI following hot water immersion differ from earlier exercise interventions, where no acute cytokine elevations in the acute post-exercise phase were found in similar populations (Kouda et al. 2012; Paulson et al. 2013) , whereas up to 128-fold increases in IL-6 following the longest and most strenuous forms of exercise are found in the AB population (Pedersen and Febbraio 2008) . As our present results show that elevated core temperature independently induces a cytokine response, it seems possible that the reduced active muscle mass in CSCI does not allow for sufficient core temperature elevations during exercise to mount a cytokine response. It is also possible that the Ca 2+ dependent pathways during muscle contraction that induce a cytokine response (Pedersen and Febbraio 2008) are not sufficiently activated in CSCI as a result of the drastically reduced active muscle mass. Additionally, as catecholamines independently induce a cytokine response (Steensberg et al. 2001) , the blunted catecholamine response in CSCI following exercise interventions (Banno et al. 2012; Kouda et al. 2012; Paulson et al. 2013 ) may explain the blunted exercise response on cytokine concentrations. The secretion of anti-inflammatory cytokines following exercise may therefore be reduced in CSCI, blunting the anti-inflammatory effects of exercise as described by Gleeson et al. (2011) . This seems especially relevant as above average levels of IL-6 reported here and in the literature (Davies et al. 2007; Kouda et al. 2012; Segal et al. 1997) or elevations in C-reactive protein (Gibson et al. 2008 ) support the indication of chronic low grade systemic inflammation in CSCI. CSCI* AB 59.9 ± 3.7 63.8 ± 3.7 63.9 ± 4.5 61.3 ± 5.3 61.4 ± 5.8 61.8 ± 5.8 61.0 ± 5.9 0.003: rest <30 min; 1, 2, 3 h <30 min 55.7 ± 1.5 58.4 ± 2.5 56.6 ± 2.3 54.8 ± 2.9 54.7 ± 2.9 54.6 ± 2.1 54.5 ± 2.2
Plasma concentrations of cortisol follow a circadian rhythm in both AB and CSCI, decreasing throughout the day from the time of awakening (Zeitzer et al. 2000) . In the present study, this natural decrease was disturbed by the immersion intervention, causing a local peak at 1 h postimmersion in both groups. Given the anti-inflammatory effects of cortisol (Gleeson et al. 2011) , it is likely that it contributes to the changes in cytokines, adhesion molecules, and elevations in leukocyte numbers. Furthermore, IL-6 infusion has been shown to elevate the anti-inflammatory cytokines IL-1ra, IL-10 and plasma levels of cortisol (Steensberg et al. 2003) . Supporting this observation, data Fig. 2 Adrenaline, noradrenaline and cortisol response to 60 min of hot water immersion (imm). Significant differences (P < 0.05): Adrenaline, noradrenaline: main effect of group, Noradrenaline, cortisol: group × time interaction, a different from rest of the present study show maximum cortisol elevations at 1 h post-immersion in both groups, which follows the immersion-induced increase in IL-6. However, increases in cortisol concentrations have been observed in the absence of IL-6 elevations in both moderately trained (Kouda et al. 2012 ) and athletic CSCI (Paulson et al. 2013) , stressing the importance of alternative mechanisms. The hypothalamic-pituitary-adrenal axis, which is intact in CSCI, is a likely candidate to govern the increase in cortisol following exercise and hyperthermia interventions . However, it also appears that the cortisol response is affected by CSCI, as evidenced by a group × time interaction. The parameters collected in the presented study cannot explain this observation, and more research to elucidate the underlying mechanisms is needed.
In contrast to IL-6, IL-8, IL-1ra and cortisol, the other markers of inflammation measured in this study showed no or only very modest responses to hyperthermia. These findings are consistent with the literature: TNF-α has previously been shown to remain constant following exercise interventions, with slight increases only following the most strenuous types of exercise, such as marathon running (Pedersen and Febbraio 2008) . Similarly, sICAM-1 and sL-selectin serum concentrations tend to be unaffected by exercise of a similar duration as used in the current immersion protocol (Shephard 2003) . Even though the reductions in plasma sL-selectin observed in the current study were very modest (4 %), they do suggest a decrease in the shedding of these adhesion molecules from leukocytes, and hence, a higher expression of L-selectin on leukocytes following immersion. This suggests a higher capacity for leukocytes to extravasate to potential sites of inflammation, because L-selectin mediates the first interaction between leukocytes and endothelial cells (Shephard 2003) . Indeed, fever-range thermal stress promotes lymphocyte trafficking across endothelial venules; interestingly, an IL-6 pathway is involved in this process (Chen et al. 2006) . From an applied perspective, it seems that hot water immersion alters the activation status of immune cells, which is especially relevant for a population at higher risk for infection. Due to the moderate changes observed, future studies should investigate lymphocyte trafficking and activation status using more direct methods, such as the analysis of chemotactic behaviour towards stimulants or flow cytometric analysis of surface markers (such as CD69). 
Leukocyte profile
As repeatedly shown following exercise (Foster et al. 1986; Laing et al. 2008; Rhind et al. 1999 ) and hyperthermia (Brenner et al. 1999; Kappel et al. 1998; Walsh and Whitham 2006) interventions in AB populations, we report increased neutrophil, lymphocyte and monocyte numbers following hot water immersion. While increased neutrophil counts have been observed earlier following exercise interventions in CSCI populations, lymphocyte numbers remained unchanged in this population (Kouda et al. 2012; Yamanaka et al. 2010) . The results of the current study support this observation: when compared with AB, lymphocyte number elevations in CSCI are blunted between rest and the end of the immersion period, as indicated by a significant group x time interaction. It is possible that the different noradrenaline response between groups during immersion causes this first peak during immersion in lymphocyte numbers in AB. In line with this, blocking β-adrenergic receptors in AB (Foster et al. 1986 ) has been demonstrated to reduce the post-exercise increase in lymphocyte numbers. Similarly, exercise in cold water to keep core temperature constant results in a blunted adrenaline response in AB, causing a reduced increase in lymphocyte numbers following exercise (Rhind et al. 1999 ). Finally, α-or β-adrenergic blockade in mice demonstrates the importance of adrenergic mechanisms for T cell migration following exercise (Kruger et al. 2008) . These data support the concept of required catecholamine action to up-regulate lymphocyte numbers during hyperthermia. Lymphocytes are the leukocyte subset most dominantly influenced by β-adrenergic receptors (Shephard 2003) . Hence, they seem to be a cell type particularly susceptible to adrenal activation, as the neutrophil counts during hyperthermia after infusion of propranolol are unaffected (Kappel et al. 1998) , and neutrophil counts in the current study did not differ between groups. In the post-exercise (Laing et al. 2008) or post-immersion (current study) period, catecholamines in AB return to resting levels soon after the intervention. Moreover, the reduced adrenaline levels and the limited adrenaline response in CSCI suggest factors other than catecholamines are responsible for the post-immersion increase in leukocytes. It has been suggested that increases in cardiac output may result in higher immune cell numbers in the circulation by way of shear stress on vessels and adhering cells (McCarthy and Dale 1988) . Indeed, the present results show differences in the heart rate and blood pressure responses between the groups, but they can only help explain the initial increase in lymphocytes in AB, as values return to resting (blood pressure) or close to resting levels (heart rate) within 1 h post-exercise. The increases in leukocytes in the recovery period are likely to be mediated by other factors, such as cortisol (Walsh and Whitham 2006) , that remain elevated further into the post-immersion period than adrenergic factors.
Practical applications
The AB data of the present study are in line with an earlier report, where increases in IL-6, cortisol, and neutrophils in AB participants were observed following hot water immersion for 120 min (Laing et al. 2008) . Notably, the immersion time used in the present study was half the duration of this earlier study, making it more applicable to be used in rehabilitation settings. A multitude of immune-stimulating effects of hyperthermia are known today, including cytokine production, increased expression of Toll-like receptors and the major histocompatibility complex, or enhanced migration capability of immune cells (Zhang et al. 2008) . Moreover, water immersion has been applied in spinal cord injury rehabilitation settings previously, reducing spasticity and improving functional independence measures (Kesiktas et al. 2004) .
As the treatment for CSCI improves, the age and the comorbidities associated with an ageing population increase, which include illnesses related to chronic low grade inflammation. Chronic low grade inflammation has been suggested to be reduced by repeated acute increases in anti-inflammatory cytokines (Gleeson et al. 2011 ). Therefore, by inducing an acute cytokine response through hot water immersion, our findings add another dimension to the benefits of water therapy known today. Future longitudinal randomised controlled trials should investigate the longterm effects of repeated immersion interventions on the resting cytokine profile and/or infection susceptibility in CSCI.
Limitations
To make more evidence-based conclusions regarding the impact of temperature on the cytokine response following exercise and passive water immersion, future studies should measure both muscle and core temperature elevations for either modality and relate it to the cytokine response. By incorporating direct measures of leukocyte activation (for example, cell surface receptor determination or direct cell trafficking analysis) findings derived from soluble plasma parameters investigated in the current study could further be strengthened. If feasible, a resting control condition should be included in future investigations.
Conclusions
The passive elevation of core temperature mounts an acute cytokine response and elevates leukocyte subsets in CSCI.
The present study lays the foundation to explore water immersion based procedures as an alternative to exercise to induce an acute cytokine response in CSCI.
